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ABSTRACT 

Wear  behavior  of  yttrium  oxide  reinforced  titanium  alloy  (Ti6Al4V)  was  studied  under  the  dry  sliding 
condition  at  room  temperature.  Wear  is  the  major  drawback  for  the  modern  components  made  with  titanium  alloy  to  the 
advanced  applications.  Wear  rate  was  determined  by  considering  the  sliding  distance,  sliding  velocity  and  applied  load 
by  using  pin-on-disc.  The  composite  pin  surface  was  sliding  against  the  oil  hardened  non-shrink  (OHNS)  steel  surface 
at  the  velocity  range  between  0.6  to  1.2  m/s  for  sliding  distance  of  1600m  by  varying  the  load  from  5  to  10N.  Wear  rate  is 
changing  directly  proportional  to  the  applied  load  and  sliding  velocity.  The  composite  having  2%.wt.  of  yttrium  oxide 
reinforced  shows  better  wear  resistance  as  compared  to  the  1  and  3%.wt.of  reinforcement. 
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INTRODUCTION 

Metals/alloys  such  as  aluminum  and  magnesium  are  mostly  used  for  various  applications,  which  have 
lower  density  alloys.  But  Titanium  alloys  are  having  unique  properties  such  as  high  temperature  strength,  high 
strength  to  weight  ratio  that  is  used  for  excellent  resistance  for  heat  and  corrosion.  These  alloys  are  having  better 
hardness  than  magnesium  and  aluminum  alloys.  The  metal  matrix  composite  is  the  most  vital  area  for  the  research 
in  the  aspect  of  advanced  engineering  components  performance  enhancement.  The  metal  industries  are  having 
huge  scope  for  the  specific  applications.  Titanium  provides  extremely  higher  properties  as  compared  with  other 
non-ferrous  metals  to  the  high  affinity  behavior  of  titanium  alloy  with  oxygen;  it  provides  solid  lubricant  (titanium 
oxides)  against  the  sliding  surface  [1],  However,  these  alloys  have  certain  limitations  in  the  properties  such  as  low 
wear  resistance  due  to  the  action  of  sticking  at  junctions  of  the  contacting  surfaces  during  sliding  [2-6].  This  major 
disadvantage  of  titanium  alloy  may  be  eliminated  and  working  surfaces  must  be  protected  against  wear.  So,  many 
researchers  used  many  methods  to  improve  the  wear  resistance  of  two-phase  titanium  alloys  [7]. 
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Frary  et  al  [8]  fabricated  a  composite  of  tungsten  reinforced  in  the  Ti6A14V  matrix  through  powder  metallurgy 
and  proved  that  the  improved  mechanical  properties  of  strength  and  hardness  by  losing  minimum  ductility. 

Titanium  alloy  (Ti-6A1-4V)  is  extensively  used  in  various  applications  such  as  aerospace,  medical,  marine 
automotive  and  industrial  components.  It  is  an  advanced  material  due  to  excellent  mechanical  and  physical  properties. 
Several  works  makes  substantial  consideration  to  determine  the  influence  of  roughness  on  the  tribological  behavior  of  two 
materials  contacting,  while  sliding  against  each  other.  For  instance,  hard  particles  are  reinforced  in  the  matrix  of  alloy  to 
determine  the  optimum  abrasive  particle  size  with  respect  to  the  optimal  roughness  with  minimizing  the  friction  and  the 
wear  rate  [9-12] 

Wear  is  the  loss  of  metal  in  terms  of  powders  from  its  surface,  while  sliding  with  another  surface.  It  is  the  major 
requirement  for  the  most  of  the  metals/alloys  for  withstanding  longer  period.  This  behavior  is  not  able  to  completely  avoid, 
but  it  can  be  minimized  through  various  techniques.  The  most  economical  method  to  improve  the  wear  resistance 
technique  is  called  as  composite  method  [13].  The  wear  property  can  be  enhanced  through  reinforcing  the  hard  particles  in 
the  matrix  of  metals/alloys.  The  wear  rate  is  to  be  determined  with  respect  to  the  amount  of  reinforcement.  The  influence 
of  hard  particle  amount  has  to  be  predicted  for  improving  the  wear  property  [14-16].  In  this  study,  the  Ti6A14V  alloy 
matrix  reinforced  with  yttrium  oxide  (Y203)  nano-composite  was  studied.  The  dry  sliding  wear  behavior  is  new  effort  in 
the  aspect  enhancing  wear  behavior. 

MATERIALS  AND  METHODS 

Ti6A14V  powder  having  particle  size  of  325  meshes  was  used  as  matrix  material  and  yttrium  Oxide  (Y203) 
particle  having  40  nm  particle  size  of  99.995%  purity  was  used  as  hard  piece  reinforcement.  Nano-composite  of 
Ti6A14V/Y203  was  fabricated  by  using  these  powders  through  powder  metallurgy  method.  Ti6A14V/  Y203  composite  with 
the  higher  densification  of  3.9  g/cm3  and  87.69%  of  relative  density  achieved  in  Ti6A14V/  2%  wtY203  was  used  for  wear 
analysis  The  chemical  elements  of  Ti6A14V  and  Y203  metal  powder  were  given  in  the  earlier  paper  [17]. 

NANO-COMPOSITE  FABRICATION 

Composite  materials  are  manufactured  through  different  techniques  such  as  solid  state  processing  and  liquid  state 
processing.  Liquid  state  processing  method  is  used  at  high  temperature  and  Ti6A14V  is  more  unstable  at  high  temperature 
which  will  be  highly  affected  by  nitrogen,  hydrogen  and  oxygen.  The  controlling  of  operational  atmosphere  is  more  vital 
for  casting  processes  of  Ti6A14V  composite.  Powder  metallurgy  processing  techniques  is  the  most  suitable  and  cheapest 
way  for  titanium  composite  fabrication.  The  powder  metallurgy  techniques  are  used  for  fabricating  landing  gears  and 
aerospace  engine  components,  which  provides  shock  resistance  with  reduction  of  weight  [18,  19]  . 

The  powder  metallurgy  technique  was  used  to  fabricate  nano-composites  of  Ti6A14V/Y203  and  Ti6A14V 
preforms.  Blending,  cold  compaction  and  sintering  processes  have  been  followed  for  fabricating  composites  and  titanium 
alloy.  Ti6A14V  and  Y203  powders  were  mixed  for  uniform  distribution  of  both  particles  by  using  mechanical  ball  mill  for 
the  period  of  1  hour.  The  main  objective  of  blending  is  to  distribute  the  reinforcement  particles  in  the  matrix  phase  to  avoid 
the  heterogeneous  effects  in  the  structure  of  nano-composites.  The  cold  compaction  was  executed  to  consolidate  the  mixed 
powders  into  green  preforms.  The  required  amount  of  mixed  powder  was  put  into  the  female  punch  and  male  die  were 
operated  from  the  top  for  powder  compaction.  The  pressure  of  560  Mpa  was  gradually  applied  through  the  punch  with  a 
help  of  100  ton  hydraulic  press.  The  external  surfaces  of  punch  and  internal  surfaces  of  die  were  applied  molybdenum  di- 
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sulphide  to  provide  as  lubricant  since  during  the  compaction  process  leads  to  produce  heat.  This  lubricant  was  mainly 
applied  to  eject  the  green  compacts  easily  from  the  die  surface. 

The  compacted  green  performs  were  required  to  further  strengthen  for  removing  porosity  through  sintering.  The 
electric  arc  furnace  sintering  process  was  done  at  the  temperatures  of  1200,  1300  and  1400°C  for  the  period  of  2  hours.  The 
controlled  atmosphere  was  used  for  sintering  in  order  to  restrict  reactions  of  composite  with  nitrogen,  hydrogen  and 
oxygen. 

PREPARATION  OF  PIN  AND  DISC 


The  preparation  of  wear  test  sample  and  disc  is  very  important  for  the  getting  the  accurate  wear  rate  data.  Sintered 
nano-composite  of  Ti6A14V/Y203  samples  was  machined  from  diameter  of  3  mm  to  10  mm,  for  the  length  of  15  mm. 
The  pin  ends  were  machined  and  removed  the  burrs  and  sharp  corners,  which  could  protect  the  disc  surface  during  sliding. 
SiC  paper  having  600-grit  was  used  for  grinding  the  contact  surface  of  the  composite  pins  and  OHNS  discs  to  produce 
smooth  surface  and  then  these  surfaces  cleaned  by  using  acetone.  The  flatness  and  perpendicular  positioning  of  the  sintered 
nano-composite  pin  surfaces  were  verified  for  confirming  to  make  perfect  contact  while  sliding. 

WEAR  TEST 


The  wear  test  was  conducted  under  the  room  temperature  and  dry  sliding  condition  in  a  pin-on-disc  wear-testing 
machine.  The  machine  used  for  the  wear  test  is  shown  in  Figure  1.  Table  1  shows  the  specification  of  pin  on  disc  machine 
used  for  the  study.  Sintered  nano-composite  pin  samples  were  held  in  the  wear  testing  machine  slot  which  was  above  the 
rotating  disc.  The  surfaces  of  both  sample  bottom  and  disc  top  was  retained  at  100%  contact.  Before  fixing  the  pin,  it  was 
measured  and  noted.  The  sensitive  electronic  balance  with  an  accuracy  of  +0.1  mg  was  used  to  determine  the  mass. 
The  experiments  were  accompanied  at  applied  loads  of  5  N,  7.5  N  and  10  N  for  sliding  velocities  of  0.6  m/s,  0.9  m/s  and 
1.2  m/s[20].  The  mass  of  the  pin  was  accurately  measured  after  the  test  conducted  which  was  done  by  removing  the  wear 
debris  on  the  pin  surface. 


Figure  1:  Front  and  Top  View  of  Pin-on-Disc  Wear-Testing  Machine 
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Table  1:  Specification  of  Pin-on-Disc  Wear-Testing  Machine 


Details 

Range 

Diameter  of  the  specimen  pin 

3  mm  -12  mm 

Speed  range 

100  rpm- 2000  rpm 

Track  radius  distance 

0  mm  -  70  mm 

Load 

5  N-  40  N 

These  mass  losses  were  calculated  at  every  sliding  velocity  and  loads  that  is  each  combination  of  normal  load  and 
sliding  distance  velocity.  Before  wear  test  of  each  pin,  the  disc  contact  surface  was  carefully  checked  to  remove  unwanted 
particles  on  the  sliding  surface  which  was  ground  with  600-grit  SiC  paper.  Finally,  acetone  was  used  to  clean  for  removing 
the  accumulated  particles  on  the  disc  surface.  The  experiments  were  repeated  thrice  to  confirm  the  possible  experimental 
error. 

RESULTS  AND  DISCUSSIONS 

The  wear  rate  of  the  Ti6A14V  alloy  and  nano-composite  were  determined  at  different  sliding  velocities  (0.6  to  1.2 
m/s)  and  applied  loads  of  5-10N.  The  wear  rate  of  the  unreinforced  alloy  is  more  as  compared  to  all  the  nano-composites 
reinforced  with  1-3%  of  yttrium  oxide.  The  wear  rate  of  the  2%.wt.  yttrium  oxide  reinforced  nano-composites  was 
dominating  the  more  wear  resistance  than  other  composites. 

The  higher  wear  rate  was  observed  during  the  lower  sliding  velocity  at  0.6  m/s  of  composite  irrespective  of 
reinforcement  amounts  under  the  higher  applied  load  at  ION.  During  the  lowest  sliding  velocities,  counter  face  exerted  an 
abrasive  effect  on  the  d  i— 6 A! — 4V  and  composite,  therefore  accelerating  oxidative  wear  created  at  this  stage.  But  the  wear 
rate  decreases  with  increasing  sliding  velocitydue  to  oxidation  of  the  surface  taking  place  since  more  frictional  forces 
offered  in  the  contacting  surfaces.  So,  the  increase  in  surface  temperature  accelerates  and  produce  oxidizing  layer  in  the 
composite  and  alloy  surfaces  as  protection  layer  against  the  wear. 

At  the  higher  sliding  velocity  (1.2  m/s),  delamination  mechanism  was  observed.  Pin  was  sliding  at  low  velocity 
(0.6  m/s),  micro-cracks  were  found  on  the  worn  surface  due  to  lower  temperature,  but  these  micro-cracks  were  not  found  at 
the  higher  sliding  velocities  (0.9-1. 2  m/s).  The  micro-cracks  were  observed  in  the  worn  surface  perpendicular  to  the 
sliding  direction  of  the  pin  over  the  disc  and  these  micro-cracks  propagated  into  shear  at  the  later  stage  of  sliding. 
The  magnitude  of  micro-cracks  was  less  in  the  nano-composite  of  2%.wt.yittrium  oxide  reinforced  as  compared  to 
unreinforced  alloy. 

The  specific  wear  rate  decreases  with  respect  to  the  reinforcement  addition  in  the  matrix  phase  due  to  the  presence 
of  hard  particles  hardness  of  the  surface  increases.  The  wear  experiment  was  clearly  shown  that  the  wear  rate  decreases 
from  l-2%.wt.yttiurm  oxide,  but  it  reverse  action  taken  from  2  -3%. wt. yttrium  oxide  reinforced  composite. 

Wear  rate  of  the  alloy  and  composites  were  initially  less  at  low  load  (5  N)  but  wear  rate  increases  when  applied 
load  varies  from  7.5  to  ION  with  respect  to  the  all  the  sliding  velocities.  The  rate  of  change  of  wear  abruptly  increased 
when  the  load  increases  at  the  higher  loads  and  higher  velocities.  This  phenomenon  happened  due  to  the  higher  frictional 
heating  rate  at  higher  velocity  and  applied  load.  Further,  the  poor  thermal  conductivity  of  the  titanium  alloy  and  hard 
reinforcement  particles  also  considered  as  factor  to  increases  the  frictional  coefficient. 

The  wear  rate  increases  with  increasing  sliding  distance  in  all  sliding  velocities  under  the  various  applied  load. 
The  rate  of  change  of  wear  rate  was  more  up  to  sliding  distance  of  500  m  and  change  of  wear  gradually  decreases  after  the 
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sliding  distance  of  500  m  and  the  same  trend  observed  upto  the  maximum  sliding  distance  of  1600  m.  This  is  due  to  the 
sticking  of  pin  and  counter  surfaces  and  lower  thermal  conductivity. 

The  frictional  coefficient  of  alloy  and  composites  were  observed  during  the  sliding  with  respect  to  the  applied 
load  and  velocities.  The  coefficient  values  were  initially  fluctuated  rather  than  constant  due  to  the  various  parameters. 
The  higher  frictional  coefficient  values  were  observed  at  the  low  load  under  the  lower  sliding  velocity  (0.6m/s). 
But  the  coefficient  values  decreases  for  the  sliding  velocity  from  0.6  to  0.9  m/s  and  again  coefficient  values  increased  for 
the  sliding  velocity  from  0.9  to  1.2  m/s.  These  trends  were  observed  due  to  the  localized  fracture  of  soft  matrix  at  lower 
and  higher  velocities.  Earlier  researcher  [21]  published  the  same  result  for  the  ceramic  and  polymer  materials. 

CONCLUSIONS 

The  dry  sliding  wear  and  frictional  behavior  of  Ti6A14V  and  Ti6A14V/Y203  were  observed  at  the  various 
parameters  such  as  0.6  to  1.2  m/s  sliding  velocities  and  5  to  10  N  applied  load  under  the  room  temperature  condition. 
The  following  remarkable  conclusions  are  made: 

•  The  lower  wear  rate  was  observed  at  the  2%.wt.yttrium  oxide  reinforced  composites  as  compared  to  unreinforced 
alloy  and  1  and  3%.wt.  yttrium  oxide  composites. 

•  The  higher  wear  rate  produced  during  the  lower  sliding  velocities  and  higher  applied  load  irrespective  samples  of 
composition. 

•  The  decreased  wear  rate  was  observed  during  the  condition  of  higher  sliding  velocities  and  lower  applied  loads. 

•  The  wear  mechanisms  of  oxides  and  delamination  were  observed  during  the  lower  sliding  speed  and  higher 
sliding  speed  respectively. 

•  The  micro-cracks  were  observed  in  the  worn  surfaces  which  were  perpendicular  to  the  sliding  direction  but  these 
micro-cracks  were  very  less  in  the  2%.wt.  yttrium  oxide  reinforced  composite. 

•  The  change  of  specific  wear  rate  was  more  at  the  lower  sliding  distances  as  compared  to  the  higher  sliding 
distances. 

•  The  frictional  coefficient  were  observed  as  low  when  the  sling  velocity  at  0.9  m/s. 
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